Introduction
Stalagmites, one of the secondary deposits mainly composed of calcium carbonate, are annually layered terrestrial carbonates precipitated from drip water in limestone caves. They record significant environmental information in their own layers. The growth rates of a stalagmite are about 10 to 100 μm a year along the growth direction. The growth of stalagmites has usually continued for thousands of years. Therefore, these layered terrestrial carbonates can be good tools for the extraction of past environmental information. Schwarcz 1 and Gascoyne 2 suggested that the oxygen isotope ratios of the terrestrial carbonate deposits provide information about the paleo-water temperature, as well as the oxygen isotope ratios of the planktonic foraminifera and coral skeletons being used as a proxy of past seawater temperatures. 3 The changes of temperature in the Holocene could be clarified from the measurements of the oxygen isotope ratios of the terrestrial carbonate deposits in various areas around the world. 4 It has been reported that humus compounds trapped in stalagmites may provide a proxy for warm and humid climate conditions. 5, 6 Broecker et al. 7 and Dorale et al. 8 focused on the stalagmite's oxygen and carbon isotope ratios over thousands of years. They noted that the changes in the oxygen isotope ratios correlated with those of the carbon isotope ratios, and that the correlation was due to the climate change followed by a vegetation change. The past temperature and rainfall records could also be extracted using the oxygen isotope ratios of the carbonate fraction of stalagmites. 9 To extract paleoenvironmental information from these carbonates, one must establish their dating. The U-series methods are suitable for such dating. Because uranyl ions are soluble in karst water as carbonate complexes, different from thorium, uranium is only coprecipitated in stalagmites. 4 However, stalagmites tend to have impurities such as clay minerals containing thorium; in such cases, they can be difficult to date using the U-series methods. 10 Another method of dating had been developed using the fluorescent microbandings of growing stalagmites. It is known that some stalagmites emit visible light when irradiated by UV light.
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Many researchers found luminescence forms of microbandings in stalagmites, and it was proven by the U-series dating that the microbanding corresponds to the annual layers. [12] [13] [14] [15] The luminescent microbanding provides a record of periodic fluctuations in the abundance of fulvic and humic acids occluded during the course of stalagmite growth, because they are readily soluble, and thus are expected to be preferentially dissolved in stalagmite-forming feed waters. Shopov et al. 16 proposed that the luminescence banding could provide its own internal high-resolution chronology for determining such features as variation in stalagmite growth rate. However, the luminescence of annual bandings was exposed on a piece of film, 12 and the number of annual bands was visually counted. Although the dating method using annual banding is easier in operation than the U-Th method and can be applicable to young stalagmites, measurements of over several thousands of annual bands exposed on one piece of film could produce critical counting errors.
In this study, a sensitive and practical method for dating using the annual microbandings of stalagmites is proposed. The continuous change in the fluorescent intensity of the annual bandings was measured using a microscopic spectrofluorometer with an XY-stage controlled by a personal computer, which made it possible to detect weak fluorescence from annual bandings. The number of annual bandings was objectively counted using a personal computer. As a case study on Japanese stalagmites, speciation of the fluorescent compounds incorporated in them will also be discussed. Terrestrial carbonate deposits with a banded layer structure can be good tools for the extraction of past environmental information on global and local scales using trace element concentrations and stable isotope ratios. The absolute age dating is most important for the reconstruction of an environmental chronicle. The measurements of fluorescent annual bandings in stalagmites using a microscopic spectrofluorometer with an XY-stage can be a convenient dating method and are especially effective for young samples whose absolute age is very difficult to be determined by other methods. The number of annual bandings was objectively counted using a personal computer. The optimal conditions for the measurements are discussed. The annual banding in stalagmites is caused by the seasonal differences in the fulvic acid concentrations in the dripping water which forms speleothems. 
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Experimental
Speciation of fluorescent humic substances in stalagmite
The characteristic fluorescent spectra were observed for the speciation of the fluorescent substances of stalagmites. The stalagmite samples were collected from some caves in Japan (Fig. 1) . The drip water from the Inazumi Cave, Oita, was collected once a month from May 2004 to January 2005. For extraction of the humic substances from the stalagmite samples, 2 cm 3 of highly purified water prepared by a Milli-Q SP system (Milli-Q water; Millipore, MA, USA) was added to 2 g of the powdered stalagmite sample.
Sufficient amounts of hydrochloric acid were then added to the mixture to dissolve the carbonates. The pH of the resulting solution was adjusted to approximately 9 with a concentrated ammonia-ammonium chloride buffer solution. The solution was filtered through a 0.45 μm membrane filter (Dismic-25, Advantec) to remove the particulate organic matter and the suspended soil. Finally, the solution was filled to 14 cm 3 . The standard fulvic acid and humic acid solutions were prepared using the sodium salts of ligninsulfonic acid (TCI, Tokyo) and humic acid (Wako, Osaka), respectively. About 0.01 g of the standard fulvic acid or humic acid was dissolved in 10 cm 3 of a 0.1 mol dm −3 sodium hydroxide solution. The mixture of 1 cm 3 of the resulting solution and 1 cm 3 of the ammonia-ammonium chloride buffer solution (pH 9.4) was then diluted up to 10 cm 3 with water. The final humic substance concentration was 100 ppm. These standard fulvic acid and humic acid solutions were used for comparison to those of the stalagmite samples.
The fluorescence spectra were recorded using a Shimadzu RF-5000 spectrofluorometer: slit width of 2 nm, scan speed of 20 nm mim −1 , excitation range of 200 to 540 nm (10 nm steps), and emission range of 300 to 800 nm. Milli-Q water containing less than 0.5 ppm of dissolved organic carbon (DOC) was used throughout this study. The Raman scattering of water was too weak to be detected under this condition, and the fluorescence intensity of all blank tests was below the instrument's detection limit.
Sample preparation
A schematic diagram of a sample for the fluorescent microbanding measurements is shown in Fig. 2A . After cutting along the axis of growth with a jigsaw, the sample was fixed on a glass plate with an α-cyanoacrylate adhesive (e.g. aron alpha (Toagosei, Tokyo)), then polished to a 0.5 mm thickness using sandpaper and 0.1 μm alundum abrasive powder mixed with water, as described later.
Annual banding measurements by microscopic spectrofluorometer
The high-resolution fluorescence intensities of the stalagmite samples were observed using a microscope spectrofluorometer (Nikon Model Eclipse E600) equipped with a 100 W mercury lamp and a Nikon P250 monochromator. 17 A schematic diagram of the microscope spectrofluorometer is shown in Fig. 2B . The excitation light was generated by the mercury lamp (a) and passed through devices (b, c and d) to the sample (e). The emission light was generated from the sample surface (e) by the ultraviolet light irradiation and passed through devices (f and g) to the detector (h). This sample was fixed on the XY-stage. The XY-stage was controlled by a personal computer to move in 2 μm steps. The changes in the fluorescent intensity on the sample surface were monitored step by step from the XY-stage operation to the measurement of the fluorescent intensity on the spot area. The XY-stage was moved before the measurement of the fluorescent intensities. The observed data were accumulated in the computer and analyzed for the average and frequency distribution of the growth rate of the stalagmite samples by Visual Basic (Microsoft Corp.).
A mercury lamp can generate a 365 nm bright line. The excitation light was changed to a pulsed signal by a chopper (b). The rotation frequency of the chopper was 200 -220 Hz; therefore, the observed fluorescent intensities became a rectangular wave. The fluorescent intensity of the stalagmite without the stray light could be measured as the amplitude of the rectangular wave. The excitation light was introduced to the objective lens (d) through the prism (c). The objective lens could focus the excitation light on the sample surface (e). The spot size of the excitation light beam was about 10 -20 μm. Although a smaller size could be obtained using a high-powered lens and lens diaphragm for the higher resolution measurements, smaller fluorescent intensities were observed in such cases. The excitation light directly hits the sample, and the fluorescence of the sample generated by the irradiation of the excitation light was collected by the microscope and passed to the detector with 
Results and Discussion
Speciation of fluorescent compounds in stalagmite
The humic substances are major fluorescent, water-soluble materials in the soil. Many studies have been done on the fluorescence of these substances. [18] [19] [20] Fulvic acids and humic acids produce different fluorescence spectra and the differences in these characteristic fluorescences were utilized for the qualitative and quantitative analyses. 21, 22 Humic acids have longer excitation and emission wavelengths than the fulvic acids. 19, 20, 23 The fluorescence spectra of the standard fulvic acids (ligninsulfonic acid) and humic acids are shown in Figs. 3A and 3B, respectively. These chemicals give typical fluorescence spectra and they are very similar to those of the fulvic acids and humic acids listed in the respective International Humic Substances Society (IHSS) standards. 21 The pH of the solution was adjusted to approximately 9 using a concentrated ammoniaammonium chloride buffer solution. At this pH, the humic substances can be most efficiently extracted because the fulvic acids and humic acids are soluble in water. For the standard fulvic acids in Fig. 3A , the spectra showed an emission maximum at 450 nm and excitation maximum at 350 nm. For the humic acids in Fig. 3B , the spectra had an emission maximum at 500 nm and excitation maximum at 475 nm. The fluorescence fingerprint of the humic substances in the stalagmite sample obtained from the Akiyoshi-dai Plateau is shown in Fig. 3C . All the stalagmite samples gave similar spectra with broad emission maxima around 400 -450 nm and excitation maxima at approximately 300 -375 nm. The fingerprints of the stalagmite samples were similar to those of the standard fulvic acids. Fulvic acids are not only the dominant fluorescent substances, but also the most hydrophilic among the humic substances. Such a hydrophilic component would be dissolved in water from the overlying soil. Humic acids are the decomposition products of organic compounds in the soil zone and the epikarst zone beneath it. Humic acids are less soluble in water, and this fluorescence quantum efficiency of the humic acids is lower than that of the fulvic acids. Therefore, it is concluded that the stalagmite samples mainly contain fulvic acids, which played an important role in the fluorescence of the terrestrial carbonates.
The fulvic acids are the decomposition products of organic compounds and lignin. The chemical property of lignin, a threedimensional amorphous polymer, like one of the fulvic acids, is essential to the life of vascular plants. 24, 25 Lignin is generated by biosynthesis and decomposes by an enzyme reaction in the plant cell wall; such decomposition accounts for nearly 30% of the organic carbon in the plant's biomass. 26 The seasonal change in the lignin load to the environment would be due to the plant life cycles. Annual changes in the fluorescent intensities of the dripwater samples in the Inazumi-Cave, Oita, are shown in Fig. 4 together with those of the total organic carbon (TOC) concentration. The concentrations of the fluorescent substances, lignin and fulvic acids, in the dripwater had seasonal changes. A similar seasonal change in the TOC concentration was observed underground near the surface and in each cave. 27 The fingerprint of the fluorescent intensity of the lignin is similar to those of the fulvic acids, and therefore, the seasonal change in the lignin was preserved for the annual bandings in the stalagmites. The concentration of the fulvic acids seasonally varies in Japan, where seasonal changes in the climate are clear. If the residence times of the carbonate-depositing water at the sampling points are shorter than a year, it is possible that the seasonal variation in the fulvic acids concentration can be incorporated into the terrestrial carbonates.
Annual bandings measurements
Adhesives for sample preparation. The fluorescent intensity of stalagmite samples is usually weak. The possibility of fluorescent contamination has to be reduced as much as possible before any measurements. Epoxy adhesives were ordinary used to fix a sample on a glass plate; however, it has been found that they produced a fluorescence similar to the fulvic acids when Table 1 . Most of the epoxy adhesives had fluorescence intensities stronger than the others, and much stronger than the stalagmite samples. Sample thickness. The thickness of each sample is fairly critical in order to get clear microbanding images. If thicker than 0.5 mm, the sample sometimes gives superimposed images of the microbanding in the measurements. For a much thinner sample, the fluorescent intensity from the sample is decreased due to the smaller amounts of fluorescent compounds. Of course, the fluorescence intensity depends on the content of the fluorophore, but around 0.5 mm can be a measure as the optimal thickness. Light source. A mercury lamp can generate the 365 nm bright line. This emission wavelength was suitable for the excitation of the fluorescent compounds in the stalagmite (Fig. 3C) . Counting of annual banding. The CCD camera was very convenient to find the portion where clear microbandings are preserved in the stalagmite samples and the line analyses were then performed using the microscopic spectrofluorometer with an XY-stage and a highly sensitive detector. The annual bandings could be clearly observed in all stalagmite samples from Akiyoshi-dai; such annual bandings of the stalagmite samples are shown in Figs. 6 and 7 , respectively. The line analyses of annual banding became clearer than the 2D image of one. The fluorescent peaks would be related to the seasonal variation in the fulvic acids concentration. These spectra had a small systematic noise caused by the device, which will lead to counting errors of the annual banding. Therefore, the systematic noise should be removed by smoothing, and the number of peaks was objectively counted by a computer. The counting method is summarized in Fig. 8 . The peaks were detected by calculating the slope between every pair of adjacent. Wellconserved annual bandings were detected from the near surface . 28 Although an ultraviolet laser source was used, the annual banding was also apparently absent in some samples. 16 It was important for the formation of the annual bandings that the contamination of colored particles as fluorescence quenchers is sufficiently low and that the carbonate-depositing water has a short enough residence time to preserve the seasonal changes in the fulvic acid concentration. Baker et al. 28 and Shopov and Ford 13 reported that the mean widths of the annual bandings were 54.9 and 23 μm for the British and U. S. speleothems, respectively. The growth rate of the stalagmite depended on the amount of the drip water supply and water chemistry of the drip water. The annual banding measurements of the stalagmite from various places were done in this study. The over 100-μm thick annual banding was measured for the stalagmites from the southward area, Suirendo Cave in the Okinoerabu Is., where precipitation is high. On the other hand, almost no annual bandings were detected from the stalagmite (Iwate Prefecture), because the fluorescence intensity of the fulvic acids was too low. This phenomenon may be caused by low plant activities and long residence time of the drip water. All the obtained results suggest that the sufficient amounts of plants and precipitation, supplying the seepage water rich in humic substances with residence times shorter than one year, make good annual bandings in the stalagmites. Applicability of the present method. The vegetation change in the Akiyoshi-dai Plateau could be clarified using the carbon isotope ratios of a stalagmite developed in the grassland area. 29 The 7 cm growing stalagmite sample from the Kitayamakita-noyokoana Cave in a grassland was found to record the artificial vegetation change of the Akiyoshi-dai Plateau as variations in the carbon isotope ratio values of the carbonate. The average growing rate determined by the present method made it possible to estimate that the yearly burning of the dead grass on the Akiyoshi-dai Plateau started about 400 years ago.
Sulfate in water is incorporated into calcite as an ion-exchange equilibrium process. The sulfate content of each annual layer therefore gives us a record of the sulfate concentration in the feed water at that time. The maximum sulfate concentration was recorded during the past 20 years in a stalagmite, and thus the air pollution history in Iriomote Is., the Ryukyus, could be determined. 30 This topic will be discussed elsewhere in detail.
Conclusions
The measurements of the fluorescent annual bandings in stalagmites can be confirmed as one of the convenient dating methods; such measurements are especially effective for young samples whose absolute age is very difficult to be determined by other methods. Even a small growing stalagmite (e.g., 1 cm long) can record environmental information during the recent 100 to 1000 years. In addition, our method is very sensitive and therefore annual banding could be read in over one-half of the samples already collected.
Further studies in the world are necessary to understand the global environmental change and the present method will be very useful for absolute age dating and the extraction of past environmental information using terrestrial carbonates. 
